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We briefly review the status of our understanding of hadron structure based on QCD. This
includes the role of symmetries, especially chiral symmetry, and the insights provided by
lattice QCD. The main focus is on baryon structure and especially the nucleon, but this
cannot be treated realistically without reference to spectroscopy. Our aim is to highlight
recent insights and promising directions for future work.
1. INTRODUCTION
In the space allotted it is impossible to do justice to more than 40 years of work
on hadron structure. Rather than attempt this, we take very seriously the appearance
of QCD in the title and concentrate on the guidance that recent developments in our
understanding of QCD provide for future developments in modelling hadron structure.
For reviews of the vast amount of existing information on hadron models we refer to recent
conferences on hadron structure.
In order to place hadron models rmly in the context of QCD, we begin with a
summary of the properties of the non-perturbative vacuum, upon which everything else
is built. We then recall some lessons from heavy quark systems before turning to the
more complicated case of light quarks, where chiral symmetry plays a key role. We nish
with a brief outlook concerning the theoretical and experimental possibilities in the next
decade.
2. THE QCD VACUUM
It is by now rmly established that the ground state of QCD is a highly non-trivial
state, including both quark and gluon condensates. For a purely gluonic version of QCD
the vacuum energy density, vac, is:




G2j0i = −0:5GeV=fm3: (1)
In comparison with phenomenological estimates of the energy dierence between the per-
turbative and non-perturbative vacuum states, such as B in the MIT bag model, this is an
2order of magnitude larger. Thus either the simple idea of the perturbative vacuum being
fully restored inside a hadron is incorrect or the situation is rather more complicated than
usually assumed.
The light quark condensates, huui and h ddi, in the non-perturbative vacuum are
approximately equal and take a value around (-240 MeV)3. A quantitative understanding
of these values requires a treatment that in nuclear physics terms would involve at least
Hartree-Fock plus RPA [?]. The underlying chiral symmetry of QCD (for massless u and
d quarks) requires that, if the vacuum is to have a non-trivial quark condensate, there
must be massless Goldstone bosons with the quantum numbers of the pion. As we move





(In fact, while this relation is only formally correct near m = 0, lattice simulations show
that it holds for mpi as large as 1 GeV.)
By studying the energy of two static sources of opposite color charge on a lattice, it
has been shown that purely gluonic QCD leads to a linearly rising potential at large sepa-
rations, V (R) = R. This observation naturally explains the observed Regge trajectories
and eectively \connes" heavy color sources. Supplemented by a short-range, one-gluon
exchange potential this naturally yields a potential of the Cornell type, which has proven
phenomenologically so successful for heavy quark-anti-quark pairs:




A linearly rising potential at large separations can be understood in terms of a non-
perturbative vacuum which has dia-electric properties. By analogy with the Meissner
eect in superconductors, one can think of the QCD vacuum containing a condensate
of color magnetic monopoles which shield the lines of color electric force into a tube
of constant cross section, no matter how far apart the color sources are located. Such
a picture is supported by lattice simulations involving Abelian projection, but the nal
details are not yet settled [?]. On the other hand, in the real world this situation is altered
dramatically by the presence of light quarks which can break the string once the energy
stored becomes too great, through the process Q Q ! Qq + Qq { e.g., for charm quarks,
cc ! D D. For mesons which are stable under strong interactions, virtual processes like
this have a quantitative eect { e.g., fB = 220 MeV in quenched QCD (QQCD), whereas
it is 260 MeV in full QCD { but do not change the qualitative picture [?].
2.1. Insights from lattice QCD
It has recently proven possible to compare various intermediate stages of lattice
calculations, such as the quark and gluon propagators, with the forms commonly used
in models. In this way one can rene the model building process using QCD itself. Of
course, intermediate steps such as the quark and gluon propagators are not physical and
one must specically x the gauge in order to make a meaningful comparison. The gauge
most commonly used is Landau gauge and techniques have been developed to x lattice
quantities in this gauge. Figure 1 shows the result for the non-trivial momentum depen-
dence of the gluon propagator (times q2) [?], q2D(q2), which should go to a constant at
3Figure 1. Non-perturbative behaviour of the gluon propagator (times q2) in Landau gauge,
calculated from lattice QCD { from Ref. [?].
large q2 (up to perturbative QCD logs). From Fig. 1 we see that the lattice simulation
shows that the gluon propagator is clearly non-perturbative for q2 < 4GeV2. Even more
interesting from the point of view of model building is the fact that the gluon propa-
gator is not enhanced as q2 ! 0. While this agrees with some recent Schwinger-Dyson
studies of QCD [?], it is in disagreement with at least a naive interpretation of a great
deal of phenomenological work related to dynamical chiral symmetry breaking within the
Schwinger-Dyson formalism [?]. Clearly this sort of interplay between phenomenological
models and QCD itself has just begun and we have a great deal to learn from it.
Again with Landau gauge xing, there have been some preliminary studies of the





The lattice simulations, which have so far been carried out with relatively large current
quark masses, show a clear enhancement in the infrared [?, ?]. For example, for a current
quark mass of order 110 MeV, the simulations suggest M(0)  400 MeV, decreasing to
around 300 MeV in the chiral limit. This is certainly consistent with the general idea of the
constituent quark model and indeed this result provides a rm theoretical foundation for
the concept within QCD. Of course, it also indicates where the concept breaks down and
it is clear that in processes involving signicant momentum transfer it will be necessary
to go beyond the simple idea of a xed mass. The similarity of the mass function, M(p2),
to that found in Schwinger-Dyson studies [?] suggests that the latter may be a promising
phenomenological extension of the constituent quark idea.
43. NON-RELATIVISTIC QUARK MODEL
The non-relativistic quark model, which combines the concept of a massive con-
stituent quark with a linear, pairwise conning interaction and a short distance, spin-
dependent hyperne interaction, has had enormous success in correlating a vast amount
of hadronic data. It provides an excellent basis for understanding the spectrum of mesons
and baryons. Most notably, it has also provided a very natural explanation of why some
states expected in the naive quark model have not been seen yet [?]. While until now this
explanation has seemed convincing, it has not been seriously tested experimentally. This
is now in process of change with Jeerson Lab due to produce a tremendous quantity of
new, high duty factor data.
Amongst the key issues confronting the simple quark model, we mention relativity,
the spin-orbit problem and chiral symmetry. It is quite clear that the approximation that
the constituent u,d and s quarks are non-relativistic cannot be quantitatively reliable. For
quarks of mass 300{400 MeV conned a volume of radius less than 1 fm, it is clear that
p=M is of order one. The relativistic extension of the naive quark model, developed by
Capstick, Isgur and others [?] has overcome this problem, with a resultant improvement
in various transition form factors.
The spin-orbit problem has been around since the beginnings of the quark model,
but has been of considerable interest recently in the light of claims that pseudoscalar
meson exchange, rather than gluon exchange, as a source of hyperne splitting would
resolve the problem [?]. On the other hand, as noted by Isgur [?], with a Lorentz scalar
conning potential one will automatically have large spin-orbit forces. The spin-orbit
force arising from the usual one gluon exchange interaction can cancel this in the meson
spectrum but not in the baryon spectrum. Thus the spin-orbit problem for the baryon
spectrum is still very much with us { see however Ref. [?].
As we have already seen in connection with the structure of the non-perturbative
vacuum, chiral symmetry is expected to play a major role in determining hadron structure
for light quarks. Unfortunately the constituent quark model destroys that symmetry
rather badly. We shall turn to a specic discussion of the role of chiral symmetry later,
but simply note here that a quantitative discussion of hadronic properties is not possible
unless measures are taken to ensure that the theory respects chiral symmetry.
3.1. Hybrids
In a more sophisticated treatment of hadron spectroscopy the simple linear conning
potential in Eq.(3) may be replaced by a flux tube model. This has the advantage that
the conning potential then becomes truly dynamical and in particular can be excited.
Excitations of the flux tube can result in a new kind of hadron. The most interesting
cases are those where the quantum numbers of the hadron are exotic { e.g., for mesons
where they cannot be associated with a qq system.
The experimental discovery of exotic systems, where the gluons have a genuine
structural role, would be a vital step towards a full understanding of QCD. This explains
the excitement over the announcement, from E852 at Brookhaven National Lab [?], of
three candidates for hybrid mesons with quantum numbers JPC = 1−+. The 0(1370)
was seen in the  and 0 channels, the 0(1640) in 0;  and f1 and the 0(2000)
in a1. These masses are somewhat lower than the values usually reported in lattice
5simulations, although for the moment the latter tend to be based on quenched QCD [?].
While the interpretation of the BNL data should become clearer over the next few years,
the announcement lends even greater urgency to the calls for a future HALL D program
at Jeerson Lab.
3.2. Glueballs
An even more dramatic prediction of QCD than exotic states is, of course, the
possibility of physical particles containing only glue { the glueballs. Lattice simulations
suggest that the lowest mass state of pure glue would be the 0++ with a mass of 167020
MeV [?]. Experimental searches fave so far found a number of scalar glueball candidates
in the mass region 1300 to 1800 MeV. However, the interpretation of the data is badly
eected by the fact that in real QCD, with light quarks, no physical state will be pure glue
{ rather the best one can hope for is an unstable state with only a small qq component for
some (unknown) dynamical reason. We note that the channel coupling eects induced by
decay channels such as  and K K are also quite controversial from the theoretical point
of view. There is clearly room for a great deal of experimental and theoretical work in this
eld in the future, with a promise of fame and fortune for the unambiguous identication
of a glueball state.
4. LIGHT QUARKS
As we have already explained, the vast majority of theoretical papers dealing with
light quark systems have been based on the constituent quark model. This approach has
achieved a great deal and, as we have seen in Sect. 2, there is a clear qualitative connection
between this model and the properties of QCD revealed through lattice calculations.
Nevertheless, the constituent quark model is better suited to dealing with systems of
quarks that are genuinely heavy. Here we take the chiral properties of QCD very seriously,
in order to explore the unique features of light quark systems.
4.1. Trace Anomaly
If one denes a tensor Sµ = xνµν , with µν the energy-momentum tensor of QCD,
one nds classically that @µSµ is zero. However, if this were to hold at the quantum level
we would nd that the nucleon mass would be zero. Fortunately the divergence of Sµ is
no longer zero in quantum eld theory because of the trace anomaly and one nds for the
nucleon mass:
MN = hN j − 9
4
sTrG
2 + muuu + md dd + msssjNi: (5)
By far the dominant term on the rhs of Eq.(5) is the gluon trace [?]. (The u and d quark
mass terms are known to be of order 40-50 MeV from the sigma commutator and while
the s-quark mass term is less well known its not more than 100 MeV or so.)
A full understanding of hadron structure in terms of QCD must involve a reasonable
physical interpretation of Eq. (5). For the present it is clear that the nucleon mass arises
from non-perturbative gluon interactions and that is certainly reflected there. There
are many famous examples of virial theorems which relate apparently dierent physical
quantities and it is likely that such a theorem connects the eective or constituent quark
mass appearing in Eq. (4) to the gluon eld energy in Eq. (5).
64.2. QCD Sum Rules
The QCD sum rules have had considerable success in relating hadron masses to
various properties of the non-perturbative vacuum. The famous Ioe formula for the
nucleon mass [?]:
MN = − 8
2
M2 hqqi; (6)
yields a surprisingly accurate value provided the Borel mass M is taken to be about 1
GeV. It also illustrates clearly the role of the quark condensate in generating a chiral
symmetry violating property such as mass. On the other hand, the connection to Eq.
(5) is totally unclear. More important, the dependence on < qq > is incorrect compared
with what is found if higher order condensates are included [?]. In addition, the leading
non-analytic chiral behaviour of the left and right hand sides of Eq. (6) are inconsistent.
4.3. Quenched Lattice QCD
Perhaps the most impressive non-perturbative results for the spectrum of light
hadrons has been obtained using quenched lattice QCD. Once the lattice scale (i.e. the
lattice spacing, a) is set by tting one mass { either that of the  or  meson { the other
ground state meson and baryon masses agree with experiment within about 10% [?]. This
is a remarkable result, even though one would rather set a using the string tension, in
which case all the masses would be genuine predictions. On the other hand, the success
raises as many questions as it resolves. Since the chiral properties of quenched QCD
(QQCD) are quite dierent from those of full QCD [?], it becomes vital to understand
how one can, nevertheless, obtain such spectacular agreement. Unfortunately, it will not
be possible to handle realistic light quark masses for sea quarks (i.e. in quark loops) for
quite a few years yet. However, it is known that chiral symmetry plays a vital role in
hadron structure and we have some clues as to how it might eect lattice calculations.
4.4. Non-Analytic Behaviour
We have already seen that spontaneous chiral symmetry breaking in QCD requires
the existence of Goldstone bosons whose masses vanish in the limit of zero quark mass
(the chiral limit). As a corollary to this, there must be contributions to hadron properties
from Goldstone boson loops. These loops have the unique property that they give rise to
terms in an expansion of most hadronic properties as a function of quark mass which are
not analytic. As a simple example, consider the nucleon mass. The most important chiral
corrections to MN come from the processes N ! N ! N (NN ) and N !  ! N
(N∆). (We will come to what it means to say these are the most important shortly.) We
write MN = M
bare
N + NN + N∆. In the heavy baryon limit one has










Here u(k) is a natural high momentum cut-o which is the Fourier transform of the source
of the pion eld (e.g. in the cloudy bag model (CBM) it is 3j1(kR)=kR, with R the bag
radius [?]). From the point of view of PCAC it is natural to identify u(k) with the axial
form-factor of the nucleon, a dipole with mass parameter 1:02 0:08GeV.
